Abstract. We present global upper tropospheric HCN and C 2 H 6 amounts derived from MIPAS/ENVISAT limb emission spectra. HCN and C 2 H 6 are retrieved in the spectral regions 715.5-782.7 cm −1 and 811.5-835.7 cm −1
clearly reflected the southern hemispheric biomass burning plume and its seasonal variation, with maximum amounts of 600-700 pptv. Generally there was good spatial overlap between the southern hemispheric distributions of both pollution tracers, except for the region between Peru and the midPacific. Here C 2 H 6 was considerably enhanced, whereas the HCN amounts were low. Backward trajectory calculations suggested that industrial pollution was responsible for the elevated C 2 H 6 concentration in these particular air masses.
Except for the Asian monsoon anticyclone in September 2003, there were only comparably small regions of enhanced HCN in the Northern Hemisphere. However, C 2 H 6 showed an equally strong northern hemispheric signal between the equator and low midlatitudes, persisting over the whole observation period. Backward trajectory calculations for air masses from this region also point to industrial sources of this pollution. Generally, C 2 H 6 /HCN ratios between 1 and 1.5 indicate biomass burning and ratios larger than 1.5 industrial pollution. However, in March 2004 ratios of up to 2 were also found in some regions of the former southern biomass burning plume.
Introduction
The first spectroscopic detection of atmospheric hydrogen cyanide (HCN) was reported by Coffey et al. (1981) , who performed infrared absorption measurements of the total column above an aircraft. Tropospheric HCN was first discovered by ground-based spectroscopic measurements by Rinsland et al. (1982) . Model calculations performed by Cicerone and Zellner (1983) , assuming HCN to be well mixed in the troposphere, slowly decreasing in mixing-ratio with altitude and lost by reaction with OH and O( 1 D) in the stratosphere as well as by photolysis in the upper stratosphere, led to an estimated lifetime of 2.5 years. However, in the 1990s upper tropospheric enhancements and large seasonal variabilities were detected by ground-based FTIR measurements at several northern and southern hemispheric stations (Mahieu et al., 1995 (Mahieu et al., , 1997 Rinsland et al., 1999 Rinsland et al., , 2000 Rinsland et al., , 2001 Rinsland et al., , 2002 . Further, large spatial variations were found by first spaceborne measurements on the space shuttle . These observations led to the conclusion that HCN is primarily produced by biomass burning and has a tropospheric lifetime of some months only (Li et al., 2003, and references therein) . Today, HCN is considered as an almost unambiguous tracer of biomass burning (Li et al., 2003; Singh et al., 2003; Yokelson et al., 2007; Crounse et al., 2009 ). The most significant atmospheric feature of biomass burning is a southern hemispheric plume peaking from September to November with sources in South America, Africa and Australia. Since reactions with OH and O( 1 D) alone cannot compensate the biomass burning source of HCN (Rinsland et al., 2002) , additional sinks like uptake by the oceans or by plants are assumed to exist (Lobert et al., 1990) . Several recent papers propose ocean uptake as the main tropospheric sink of HCN. Singh et al. (2003) come to this conclusion from HCN amounts measured in the TRACE-P mission, which decrease in the mixing layer towards the ocean surface. Model calculations by Li et al. (2003) , who assumed biomass burning as the only source of HCN and ocean uptake as the only sink could explain the HCN distribution measured in the TRACE-P mission and led to an estimated tropospheric lifetime of 5.3 months. The lifetime of stratospheric HCN, where the main sink is reaction with OH, is still assumed to be several years. Recent spaceborne observations of HCN are performed by the Atmospheric Chemistry Instrument (ACE) on SCISAT (Rinsland et al., 2005; Lupu et al., 2009) and by the Microwave Limb Sounder (MLS) on EOS (Pumphrey et al., 2006) . C 2 H 6 is the most important non-methane hydrocarbon (NMHC) in the troposphere (Singh et al., 2001 ). According to Rudolph (1995) it has approximately two sources of equal importance, namely biomass burning and natural gas losses. Xiao et al. (2008) state fossil fuel production as the major source of C 2 H 6 , followed by biofuel and biomass burning. The tropospheric lifetime of C 2 H 6 has been estimated at a few months by Rudolph and Ehhalt (1981) and at 2 months by Hough (1991) . The main tropospheric loss process is reaction with OH, whereas the major stratospheric sink is reaction with Cl (Aikin et al., 1982) .
In this paper we present HCN and C 2 H 6 distributions derived from measurements of the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS). These data represent comprehensive global datasets with ∼1000 geolocations per day. The vertical coverage of the HCN dataset extends from the upper troposphere up to 55 km, whereas the C 2 H 6 profiles are restricted to the upper troposphere and lower stratosphere. Since these are the first HCN distributions retrieved from MIPAS data, we will describe the HCN retrieval method in detail, give an error estimation and present a sensitivity test. Then we will compare the global upper tropospheric HCN and C 2 H 6 distributions observed between September 2003 and March 2004 . This period covers the maximum and decline of the biomass burning season in South America, East and South Africa and in Australia (September to December) as well as the subsequent months with low southern hemispheric biomass burning activity. Therefore it is well suited to study the temporal evolution of the southern hemispheric biomass burning plume. Further, we will present backward trajectory calculations for air masses containing high C 2 H 6 and low HCN amounts to determine the sources of the respective pollution.
Measurements
The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) was launched onboard the Sunsynchronous polar-orbiting European ENVIronmental SATellite (ENVISAT) on 1 March 2002. ENVISAT performs 14.3 orbits per day and passes the equator on its daytime downward leg at ∼10:00 LT. MIPAS is a limb-viewing Fourier transform infrared (FTIR) emission spectrometer covering the mid-infrared spectral region between 685 and 2410 cm −1 (4.1-14.6 µm). Its wide spectral coverage and high spectral resolution, which is 0.035 cm −1 (unapodised) for the original nominal mesurement mode evaluated here, enables simultaneous observation of numerous trace gases (European Space Agency (ESA), 2000; Fischer et al., 2008) . This measurement mode consists of rearward limb-scans covering tangent altitudes between about 6 and 68 km within 17 altitude steps. The step-width is 3 km up to an altitude of 42 km and increases up to 8 km above 52 km altitude. MIPAS measures during day and night, covering the whole globe with about 1000 scans per day. The level-1B radiance spectra used for retrieval of HCN and C 2 H 6 are data versions 4.61/4.62 (reprocessed data) provided by the European Space Agency (ESA) (Kleinert et al., 2007) .
Retrieval method and error estimation
The HCN and C 2 H 6 datasets presented in this paper were derived with the common retrieval processor of the Institut für Meteorologie und Klimaforschung and Instituto de Astrofísica de Andalucía (IMK/IAA), which was developed to produce consistent datasets containing considerably more trace species than included in the operational dataset provided under ESA responsibility. The retrievals performed with the IMK/IAA data processor consist of inversion of MI-PAS level-1B spectra to vertical profiles of atmospheric state parameters by constrained non-linear least squares fitting in a global-fit approach (von Clarmann et al., 2003) . Here we refer to the HCN and C 2 H 6 data versions V3O HCN 2 and V3O C2H6 11, respectively, which are the most recent ones.
Since the retrieval grid used has an altitude spacing of 1 km up to 44 km and of 2 km between 44 and 70 km, which means oversampling compared to the height distance between the tangent altitudes, application of a smoothing constraint was necessary to attenuate instabilities. Similar as for other retrievals of MIPAS data performed at IMK, Tikhonov's regularization scheme was used with a first derivative operator as constraint , and references therein). To avoid any influence of the a priori on the shape of the retrieved HCN and C 2 H 6 profiles, a priori profiles with zero concentration values were chosen.
Radiative transfer calculations were performed with the Karlsruhe Optimized and Precise Radiative Algorithm (KO-PRA) (Stiller, 2000) . HCN was retrieved in 10 microwindows of the ν 2 band between 715.5 and 782.725 cm −1 . The main differences of C 2 H 6 data version V3O C2H6 11 presented here and the data version discussed in von Clarmann et al. (2007) are the use of a new set of 12 microwindows restricted to the spectral region 811.5-835.7 cm −1 and the application of the HITRAN spectroscopic C 2 H 6 update of 2007. Application of the new microwindows leads to considerable reduction of negative values of the C 2 H 6 profiles in the UTLS region, which often occurred in the older data version. The line intensities of the new spectroscopic data, which are ∼30% lower, lead to C 2 H 6 volume-mixing-ratios (VMRs) enhanced by the same amount. Prior to HCN and C 2 H 6 several other quantities are inferred in the retrieval chain. First, spectral shift, the temperature profile and the tangent heights are fitted, followed by retrieval of the abundances of H 2 O, O 3 , CH 4 , N 2 O, HNO 3 , ClONO 2 , ClO, N 2 O 5 , CFC-11, CFC-12, NO 2 , and HNO 4 . The fitted profiles of all these species are used to model their radiative contributions, if they are interfering species in the HCN and C 2 H 6 microwindows. Further, the fitted C 2 H 6 profiles are used for HCN retrievals. The following additionally interfering species are accounted for in the radiative transfer modelling on the basis of climatological profiles Remedios et al., 2007) : CO 2 , NH 3 , OCS, C 2 H 2 , COF 2 , C 2 H 4 , CFC-22, CFC-113 and PAN for both targets; additionally CH 3 Cl, CH 3 CCl 3 , CCl 4 , HCFC-141a, and acetone for HCN retrievals as well as HCN and CFC-114 for C 2 H 6 retrievals. Except for CO 2 the radiative contribution of these additionally interfering species is rather small and thus modelling of their radiance contribution by climatological rather than by pre-or joint-fitted profiles is justified. Further, the volume mixing ratio of CO 2 is well known and its spectral signature had implicitely been fitted in the preceding temperature retrieval. Along with the HCN and C 2 H 6 profiles, microwindow-dependent continuum radiation profiles and microwindow-dependent, but height-independent zerolevel calibration corrections are jointly fitted. Figure 1 characterises a HCN profile obtained on 21 October 2003 inside the biomass burning plume over East Africa (12.9 • S, 37.2 • E). For similar information on C 2 H 6 we refer to von Clarmann et al. (2007) . The HCN volume-mixingratio (top left) reveals enhanced values in the troposphere, namely 470 pptv at the lowermost cloud-free height (11 km) and 350 pptv at the tropopause (17 km), and background values between 200 pptv in the lower and 100 pptv in the upper stratosphere. The respective vertical resolution is better than 4 km up to 14 km altitude, but degrades to 10 km around the cold tropopause (17 km) (top right). In the in turn warmer lower and middle stratosphere the height resolution is better again, namely 6-7 km. In the upper stratosphere it degrades to 10 km because of the coarser vertical tangent spacing. The total estimated HCN precision, including instrumental noise and random parameter uncertainties, for this geolocation is between 10 and 15% in the troposphere and increases to 50% at 55 km altitude (bottom left). The estimated standard deviation (error bars top left and dotted line bottom left) increases from 6% at 11 km to 50% at 55 km altitude. The dominating error components are uncertainties in the pointing of the instrumental line of sight (in terms of elevation) in the upper troposphere, uncertainties in spectral shift in the lower stratosphere and measurement noise (estimated standard deviation) in the middle and upper stratosphere. Except for O 3 and CO 2 the error contribution of interfering species is less than 1% and therefore not shown. This error estimate is based on the actual retrieved temperatures, tangent heights, HCN profiles and simulated spectra and Jacobians of the final iteration. Details of the error estimation scheme are reported in, e.g., Glatthor et al. (2004) . To estimate the total HCN accuracy, systematic errors have also be taken into account. The major systematic error source not shown in Fig. 1 (bottom left) is the spectroscopic uncertainty of 5-10% both for HCN line intensities as well as for the air broadened halfwidth (Rothman et al., 2005) , translating into a similar systematic HCN uncertainty. Figure 1 (bottom right) shows the HCN signature at 13.0 km altitude at the East African geolocation, expressed as difference between the model spectrum containing the retrieved HCN amount (460 pptv) and a model spectrum for the same, but HCN-free atmosphere. According to this estimation there are ∼12 HCN lines with signalto-noise ratios between 2 and more than 10 in this spectral region.
To verify the robustness of the HCN results, we also performed retrievals without consideration of HCN as fit parameter as well as in atmospheric modelling. The only variable parameters in this case were continuum and offset. The result of this approach for the East African geolocation is shown in Fig. 2 , which contains measured and modelled spectra in the region of the HCN microwindows for tangent altitudes of 13.0 km (top left) and 30.4 km (top right). The residuals (bottom row) without consideration of HCN (red) increased significantly compared to those from the HCN fit (blue), namely from 33.7 to 64.6 nW/(cm 2 sr cm −1 ) at 13 km (left) and from , noise error (dotted line) and contributions of major random parameter errors (uncertain knowledge on CO 2 (co2) and O 3 mixing ratio (o3), temperature (tem) and temperature gradients (tgra), pointing of the instrumental line of sight (los), spectral shift (shift) and calibration (gain) of the measured spectra). Bottom right: HCN spectral signature at the same geolocation at 13 km altitude, expressed as difference between the model spectrum of the HCN fit and a spectrum calculated for the same, but HCN-free atmosphere. The red curve displays the instrumental NESR.
17.8 to 20.4 nW/(cm 2 sr cm −1 ) at 30.4 km (right), i.e. by 92% and 15% respectively. This result confirms that a sufficient number of HCN lines is not masked by signatures of other constituents. Figure 3 exemplarily exhibits a zoom of the left panel of Fig. 2 for the spectral region around the microwindow 744.35-744.5 cm −1 (black line) along with the radiance contribution of several prefitted trace gases and of fitted HCN. The main contribution to the spectral radiance in the whole region results from CO 2 , O 3 and HCN (left panel). The additional zoom in radiance (right panel) illustrates the contributions of N 2 O 5 and H 2 O and that in the microwindow itself HCN accounts for the second largest radiance contribution. The residual in the region of the microwindow (bottom row) is below ±50 nW/(cm 2 sr cm −1 ) and in the extended region below ±90 nW/(cm 2 sr cm −1 ). This shows that even in the region not used for analysis the measured spectrum is reasonably well modelled using the prefitted trace gases. 
HCN and C 2 H 6 on 21 October 2003
To demonstrate the capabilities of single-scan data (not averaged), Figure 4 shows the global HCN (left) and C 2 H 6 (right) distributions retrieved for a single day, subtropics, which are caused by rejection of tropospheric measurements due to cloud contamination. However, in good agreement both HCN and C 2 H 6 already show one of the main features of our dataset, namely the central part of the southern hemispheric biomass burning plume as contiguous area of high VMRs extending from the Southern Atlantic to East Africa. Interrupted by data gaps, this area extends eastward above the Southern Indian Ocean as far as Australia and the South Pacific. Furthermore there are more or less uniform HCN amounts between northern subtropics and high latitudes, indicating similar HCN values in the upper troposphere and lower stratosphere. On the contrary the northern C 2 H 6 distribution exhibits high values in the tropics and subtropics but considerably lower amounts in mid and high latitudes, which hints at tropospheric industrial pollution and stronger decrease above the tropopause. All these features will be discussed more in detail in the next subsection. Further there is some indication for regional variations, e.g. enhanced HCN amounts above Central Asia and Northern India. However, these patterns exhibit only low statistical significance.
Temporal development of HCN and C 2 H 6
In the following discussion we use monthly means to enhance the spatial data coverage and to decrease statistical uncertainties. tropospheric height levels. In October, MIPAS observed a distinct plume of enhanced HCN amounts (top left) of up to 350 pptv in the tropical to midlatitude Southern Hemisphere, covering the altitude region 8 to 16 km. On the contrary the northern hemispheric tropics and midlatitudes exhibited background HCN amounts (∼240 pptv) only. Probably due to boreal fires HCN at northern high latitudes was moderately enhanced to ∼270 pptv. In March 2004 the southern hemispheric plume of enhanced HCN had disappeared (bottom left). Moreover, this region now exhibited the lowest tropospheric HCN values, whereas the northern midlatitude HCN mixing ratios below 10 km were slightly enhanced in comparison to the other latitude bands. Unlike HCN, the C 2 H 6 distribution of October 2003 (top right) was more symmetric around the equator. Apart from a southern hemispheric plume of up to 400 pptv of similar extent as observed in HCN (cf. von Clarmann et al., 2007) , C 2 H 6 exhibited a comparably large region of even somewhat higher values between the northern hemispheric tropics and midlatitudes. Further, C 2 H 6 showed a much stronger decrease towards the stratosphere than HCN. In March 2004 the southern hemispheric feature of enhanced C 2 H 6 was considerably reduced, whereas the northern hemispheric C 2 H 6 plume was restricted to lower latitudes, but contained just as high amounts as in October.
Figures 6 and 7 show HCN and C 2 H 6 distributions of September, October, December 2003 and of March 2004 on pressure levels of 200 hPa (10.5-12.6 km) and of 125 hPa (13.5-15.5 km). The latitude-longitude binnning applied here and in Fig. 9 is 5 • ×15 • , with typically 5-15 datapoints per bin. As already mentioned above, both pollutants exhibited enhanced values in the southern hemispheric biomass burning plume region, with VMRs of up to 500-600 pptv from September to December 2003. The HCN plume was most pronounced in October and slightly weaker in September and December. It extended nearly globally from the east coast of Tropical South America over Central and South Africa and Australia to the subtropical and midlatitudinal Southern Pacific. The potential to produce the shape of this plume by biomass burning was shown by trajectory calculations starting above clusters of fire counts in South America, Africa and Australia by von Clarmann et al. (2007) . Further, a similar plume was found in the same time period in the PAN distribution obtained from MIPAS data . In March 2004 the HCN plume had nearly disappeared, which reflects the seasonal variation of southern hemispheric biomass burning and confirms the proposed lifetime of tropospheric HCN of some months (Li et al., 2003) . The southern hemispheric biomass burning plume of enhanced HCN generally also revealed elevated C 2 H 6 amounts peaking in September and October 2003. Like for HCN, there was still a clear C 2 H 6 signal in December, followed by a strong decrease in March 2004. The C 2 H 6 decrease was, however, somewhat less pronounced than that of HCN. Strikingly, in September and October 2003 enhanced southern hemispheric C 2 H 6 amounts were also measured between Peru and the tropical mid-Pacific, whereas the HCN values in this region were low. The source region of these polluted air masses will be determined by backward trajectory calculations in Sect. 5.1.
In the Northern Hemisphere, HCN enhancements on the 200 hPa pressure level were less pronounced and covered considerably smaller areas, mainly the tropical Atlantic in September and a region extending from Northeast Africa to the Middle East in October 2003. The same applies for northern hemispheric HCN on 125 hPa except for September, when a large area of enhanced HCN was observed between the Middle East and Southern China (Fig. 7, top left) . As outlined in Funke et al. (2009) and Park et al. (2008) , this feature, which is even more pronounced in C 2 H 6 (Fig. 7, top  right) , is due to trapping of polluted air masses in the Asian monsoon anticyclone (AMA). Although our dataset also covers the northern tropical biomass burning season (February to May), there was also no strong northern hemispheric HCN enhancement in March 2004, maybe due to less biomass burning during this season. In contrast to HCN, C 2 H 6 showed just as high values in the whole northern hemispheric tropics and subtropics as in the Southern Hemisphere with several "hot spots": One above the Atlantic during the whole observation period and another one extending in September from North-East Africa to South Asia. Furthermore, there was a region of enhanced values reaching from China and Japan to the West Coast of North and Central America with peak values in December and another spot above the Caribbean Sea and the Gulf of Mexico. All these C 2 H 6 enhancements not accompanied by high HCN are suspected to be caused by industrial or urban activities and not by biomass burning, because the latter would go along with HCN enhancements. This question will be investigated more closely in the following section by backward trajectory calculations.
Air masses at the 200 hPa level generally belong to the troposphere from the tropics to low midlatitudes and to the stratosphere at higher latitudes, whereas at 125 hPa the transition is shifted equatorward to the subtropics. For both altitudes we calculated the monthly mean tropopause intersection (red lines in Figs. 6 and 7) from the National Centers for Environmental Prediction (NCEP) reanalysis data (http://www.cdc.noaa.gov/data/gridded/data. ncep.reanalysis.html). The C 2 H 6 distribution generally shows a sharp poleward decrease at the NCEP tropopause intersection, which confirms the capability to differentiate between tropospheric and stratospheric air masses from the C 2 H 6 retrieval. Some areas of moderately enhanced C 2 H 6 values poleward of the northern intersection might indicate smearing from tropospheric pollution below due to limited height resolution of the MIPAS retrievals, but can also well be caused by short-term (duration of some days) northward excursions of the intersection associated with northward transport of polluted air masses. E.g. Funke et al. (2009) showed that high CO on 21 October 2003 over the North Atlantic and Greenland was caused by a northward stream of midlatitude air masses at this time. This feature is also visible, though attenuated due to averaging over a whole month, in the October C 2 H 6 data presented here. On the contrary, the HCN distribution exhibits only moderate gradients at the tropopause intersection, except for the southern hemispheric plume and for the AMA region. This reflects the more gradual transition from tropospheric to stratospheric HCN due to its longer stratospheric lifetime. September to December. However, the ratios of the following months are considerably reduced, namely at 9 km altitude to 62% in January, to 55% in February and to 47% in March 2004. Towards higher altitudes the reduction becomes lower, e.g. the January-March ratios at 14 km are 82, 74 and 69%. These data allow a simple estimation of the lifetime of HCN under the assumption that the biomass burning activities ended at the end of October and that HCN decreased exponentially thereafter. The end of biomass burning at the end of October was estimated based on For the altitude of 9 km this approximation resulted in an efolding lifetime of 6.2-6.9 months for HCN measured in January to March 2004, which is in reasonable good agreement with the most recent estimate of the tropospheric lifetime of 5.3 months of Li et al. (2003) . The difference could be due to the fact that the estimate of Li et al. (2003) is an average of the whole troposphere, whereas our estimate was derived for the upper troposphere, from where downward transport and ocean uptake of HCN might last longer. The same reason might at least partly apply for the considerably longer HCN lifetime calculated from MIPAS data for the altitude of 14 km, namely 13.5-14.3 months.
Regional differences between the C 2 H 6 and HCN distributions
Since C 2 H 6 is an indicator of industrial pollution as well as of biomass burning, whereas HCN is a rather unambiguous indicator of the latter process only, the chemical composition of plume air should be useable to assign air parcels to either biomass burning or industrial pollution ("chemical fingerprint method"). To highlight the differences between the C 2 H 6 and HCN distributions, Fig. 9 (Bertschi et al., 2003) . During September and October the highest ratios of up to 2 are found in a large area between the tropical central Pacific and northern South America ("Galapagos region"), further above the northern tropical East-Pacific, the Caribbean Sea, the Gulf of Mexico and the adjacent Atlantic. Apart from the Galapagos region, the ratios in the northern hemispheric tropics and subtropics are generally higher than in their southern hemispheric counterparts. In December 2003 the ratios in this region form a nearly contiguous band of values of even up to 3 due to very high C 2 H 6 but low HCN amounts. In March this band has become somewhat weaker, but still exhibits ratios of up to 2. In summary, Fig. 9 indicates a threshold ratio of ∼1.5 to distinguish between biomass burning and industrial pollution. In Sect. 5 we will investigate several representative regions with high C 2 H 6 /HCN ratios (black rectangles in Fig. 9 ) in more detail, using backward trajectory calculations in order to indentify possible industrial sources favoring elevated C 2 H 6 and to investigate if this "chemical fingerprint method" is robust and can be applied to MIPAS data.
Comparison with other space-, airborne and ground-based measurements
Unfortunately, independent global HCN or C 2 H 6 data are not available for the time of our analysis. However, the extent of the biomass burning plume detected in the MIPAS HCN and C 2 H 6 distributions is in good agreement with the area of enhanced CO measured during the last week of September 2003 by the Measurement of Pollution in the Troposphere (MOPITT) instrument on the Terra satellite (Edwards et al., 2006) , which is also attributed to biomass burning. and in remote parts of the plume is ∼0.0028. This value is in good agreement with the average HCN/ CO enhancement ratio of 0.00341±0.00153 given by Singh et al. (2003) for biomass burning plumes in the upper troposphere (3-12 km) above the Pacific Ocean. HCN/CO emission ratios, measured in direct proximity of savanna fires in Southern Africa are somewhat higher, namely 0.0085±0.0029 (Yokelson et al., 2003) . There is also qualitatively good agreement of the biomass burning plume obtained from MIPAS data with the HCN and C 2 H 6 distributions measured between September and November 2005 by the Fourier Transform Spectrometer (FTS) on the ACE/SCISAT-1 satellite (Coheur et al., 2007) . Both the "HCN-plumes" and "C 2 H 6 -plumes" agree fairly well in location and in magnitude of the mixing-ratios. A more detailed comparison can be made with the ACE HCN data in Lupu et al. (2009) Li et al., 2003) . These authors report mean values of 260 pptv at 9 km and 240 pptv at 11 km altitude over the Northern Pacific (10 • N-40 • N), whereas the respective MIPAS values are 220-240 pptv (Fig. 5) .
There is also qualitatively good agreement with groundbased FTIR measurements from Wollongong (34 • S) in Australia (Rinsland et al., 2001 ). Between July 1997 and February 1998 this instrument measured nearly heightindependent HCN values around 200 pptv in the altitude region 3 to 20 km during background conditions. For the biomass burning period (August-December 1997) the mean HCN amounts increased from 300 pptv at 5 km to 400-430 pptv at 11 km. Above they decreased linearly to 180-200 pptv at 20 km altitude. In comparison, the southern midlatitude HCN values measured by MIPAS in the altitude region 10-20 km were between 170 and 210 pptv for background conditions (Fig. 5 , bottom left) and around 320 pptv at 10 km in the biomass burning plume (Fig. 5, top left) .
Backward trajectory calculations

Galapagos region in September and October 2003
During the biomass burning period the region extending from the mid-Pacific to South America ("Galapagos region") is the only area in the Southern Hemisphere with high C 2 H 6 but low HCN (Figs. 6, 7 and 9) . This feature is especially pronounced in September and October 2003. Von Clarmann et al. (2007) attribute southern hemispheric C 2 H 6 enhancements predominantly to biomass burning, but the simultaneously measured low HCN amounts in this region suggest another source of pollution. To clarify the origin of these air masses, 14-day backward trajectory calculations (which is still short compared to the C 2 H 6 lifetime of 60 days or more, cf. Sect. 1) were performed for 16 September and 21 October 2003 with the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998) , basing on meteorological data from the National Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996) . In doing so a similar statistical analysis for numerous (961) trajectory endpoints covering the Galapagos region at 10 km altitude as described in Funke et al. (2009) was performed, by which random errors of single trajectory locations cancel out (Draxler, 1991) . Accordingly, only trajectories originating at altitudes below 3.5 km, i.e. enabling transport of potentially polluted air masses from the boundary layer into the free troposphere, were taken into account for analysis (red ending points in Figs. 10-12) , whereas all other trajectories were neglected (black ending points). The calculations for 16 September (Fig. 10, top) show that the air masses with high C 2 H 6 in the Galapagos region (cf. Figs. 6 and 9) were lofted into the free troposphere mainly above the northern part of South America and the Caribbean Sea, where the backward trajectories were at altitudes of 3.5 km or below (orange and yellow curves).
On 21 October the investigated area is only sparsely covered with ending points of HYSPLIT backward trajectories, which had travelled through the boundary layer during the preceding 14 days (Fig. 10, bottom) . The air masses in the northeastern part of the analyzed area obviously also entered the free troposphere above northern South America. Unfortunately the major part of these ending points is in a region with no MIPAS data due to cloud coverage. However there is at least a small overlap with the region of high C 2 H 6 /HCN ratios southwest of this data gap (cf. Fig. 9 , top right), indicating the same source region for these polluted air masses. On the contrary, the air masses with low C 2 H 6 /HCN ratios in the northwestern and southwestern part came from the remote tropical Pacific. According to fire counts of the Tropical Rainfall Measuring Mission (TRMM) satellite , there was no burning activity in northern South America during September and only very limited activity in October. Therefore we conclude that the enhanced C 2 H 6 amounts were caused by the considerable oil and gas production in Venezuela and Trinidad and Tobago (http://www. cia.gov/library/publications/the-world-factbook) or other industrial pollution in this region. On the other hand, the low C 2 H 6 /HCN ratios of the northwestern and southwestern air masses are in good agreement with their marine origin.
Caribbean Sea and Gulf of Mexico
Other regions of enhanced C 2 H 6 but background HCN are the Caribbean Sea and the Gulf of Mexico (Figs. 6, 7 and 9) . To determine the origin of these polluted air masses HYS-PLIT calculations were performed for 16 September 2003, and ending points covering these regions at 12 (Caribbean Sea) and 10 km altitude (Gulf of Mexico), whereby in this case 20-day backward trajectories were neccessary to obtain a reasonably clear classification. These calculations suggest that one portion of the air masses above the Caribbean Sea (Fig. 11 , top) originated in northern South America, where, as outlined above, no biomass burning activity occurred during this time of the year. The other fraction came from the Sahara desert and Sahel region in northern Africa. According to TRMM fire counts there was also no biomass burning in the Sahel zone in September 2003. Therefore we conclude that the enhanced Caribbean C 2 H 6 values also resulted from the oil or gas industry or other industrial activities in northern South America or in Northern Africa. The main pollution sources of the air masses above the Gulf of Mexico (Fig. 11 , bottom) were obviously also in northern South America and to a certain extent in South Asia, where biomass burning activity was low, too. Thus, the backward trajectories ending above the Gulf of Mexico also point to oil or gas production or industrial pollution as source of the high C 2 H 6 amounts measured there.
South Asian monsoon region in September 2003
As stated above, especially in September 2003 the region extending from the Arabian Peninsula over India to southern China displays another "hot spot" of enhanced C 2 H 6 both at 200 and at 125 hPa. To a somewhat lesser extent, this feature is also visible in HCN on the latter pressure level. As outlined in Funke et al. (2009) , the high amounts of CO measured by MIPAS in this area reflect trapping of polluted air masses in the Asian monsoon anticyclone. By a statistical analysis using HYSPLIT trajectories for 10 September 2003, these authors have shown that the pollutants in the monsoon anticyclone were injected into the free troposphere mainly over Bangladesh and Southeast China, where biomass burning was low at the beginning of September. Thus they assumed industrial and urban emissions as the most likely source, which explains the high C 2 H 6 amounts presented here. However, they also found indication for a smaller contribution from Indonesian biomass burning, which is confirmed by our finding of elevated HCN values. 
Trans-Pacific transport in December 2003
A fourth region of enhanced C 2 H 6 but background HCN is the Pacific Ocean between China/Japan and the North-and 
Summary and conclusions
We have compared global upper tropospheric HCN and C 2 H 6 distributions derived from MIPAS/ENVISAT data. HCN was retrieved from MIPAS spectra for the first time, whereas the C 2 H 6 retrieval has already been presented in von Clarmann et al. (2007) . The HCN analysis was performed in 10 microwindows in the spectral region 715.5-782.7 cm −1 . Significant HCN profiles were obtained between 8 and 55 km, with a height resolution decreasing from 5 to 11 km with increasing altitude. The total estimated precision is 10-15% for enhanced upper tropospheric HCN inside the biomass burning plume and about 50% for HCN in the upper stratosphere. MIPAS C 2 H 6 data are restricted to the upper troposphere and lower stratosphere (von Clarmann et al., 2007) . Ocean, Australia to the South Pacific, showing a distinct biomass burning plume. In the subsequent months these HCN and C 2 H 6 amounts had strongly decreased, and in March 2004 the HCN plume had nearly disappeared. The tropospheric lifetime of HCN estimated from this decline is 6.3-6.7 months, which is in fairly good agreement with the value of 5.3 months given by Li et al. (2003) . Generally there was good agreement of the spatial coverage of enhanced southern hemispheric HCN and C 2 H 6 . However, especially in September and October 2003 MIPAS measured high C 2 H 6 but low HCN amounts in the region between the mid-Pacific and Equador/Peru. Except for the upper troposphere above South East Asia in September, enhanced northern hemispheric HCN was only observed in considerably smaller regions above the tropical Atlantic and the Middle East. On the contrary there was an equally pronounced northern hemispheric C 2 H 6 signature, extending from the tropics northward to midlatitudes.
The occurrence of plumes with high C 2 H 6 and low HCN can be explained by the typical sources of both pollutants: HCN is mainly produced by biomass burning, whereas the sources of C 2 H 6 are industrial activities like fossil fuel production or transmission as well as biomass burning. HYS-PLIT backward trajectory calculations were used for selected air masses to analyse the origin and possible sources of pollution. These backward trajectories indicated that the high C 2 H 6 amounts measured in September 2003 over the Galapagos region had been injected into the free troposphere over northern South America. Since biomass burning activity in this region was low during September 2003, we conclude that these elevated C 2 H 6 amounts were caused by the local fossil fuel production. The high C 2 H 6 over the Caribbean Sea and the Gulf of Mexico could also be related to fossil fuel production in northern South America and to a certain extent in Northern Africa and South Asia. As shown by backward trajectory calculations in Funke et al. (2009) The southern hemispheric MIPAS HCN distribution shows good spatial agreement with the CO distribution measured by the MOPITT experiment during late September 2003, which is also attributed to biomass burning. Unfortunately there are no other spaceborne measurements of tropospheric HCN and C 2 H 6 available for the time period investigated here. However, there is qualitatively good accordance of the biomass burning plume observed by MIPAS with the HCN and C 2 H 6 distributions measured between September and November 2005 by the Fourier Transform Spectrometer (FTS) on the ACE/SCISAT-1 satellite. The background and elevated HCN amounts measured by MIPAS are, at least, in good agreement with airborne in-situ measurements performed in earlier years. There is also good consistency with upper tropospheric HCN amounts measured by groundbased FTIR spectroscopy in Australia.
and dispersion model was supplied by the NOAA Air Resources Laboratory (ARL).
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